The catalytic mechanisms underlying Escherichia coli alkaline phosphatase's (AP) remarkable rate enhancement have been probed extensively. Past work indicated that whereas the serine nucleophile (Ser102) electrostatically repels the product phosphate, another oxyanion, tungstate, binds more strongly in the presence of Ser102. These results predict a covalent bond between the serine nucleophile and tungstate, a model that we test herein. The crystal structure of tungstate-bound alkaline phosphatase provides evidence for a covalent adduct model and further shows that the ligand adopts trigonal bipyramidal geometry, which is infrequently observed for tungstate in small molecules and other active sites but mirrors the geometry of the presumed phosphoryl transfer transition state. The AP active site is known to stabilize another oxyanion, vanadate, in trigonal bipyramidal geometry, but the extent to which binding of either ligand reproduces the energetics of the transition state cannot be deduced from structural inspection alone. To test for transition state analog behavior, we determined the relationship between catalytic activity and affinity for tungstate and vanadate for a series of 20 AP variants. Affinity and activity were highly correlated for tungstate (r 2 = 0.89) but not vanadate (r 2 = 0.23), indicating that the tungstate•AP complex may better mimic this enzyme's transition state properties. The results herein suggest that tungstate will be a valuable tool for further dissecting AP catalysis and may prove helpful in mechanistic studies of other phosphoryl transfer enzymes.
Introduction
Escherichia coli alkaline phosphatase (AP) is a powerful model system for studying general mechanisms by which enzymes accelerate chemical reactions [1, 2] . As a nonspecific phosphatase, AP faces the challenge of hydrolyzing diverse phosphate monoesters by interacting exclusively with the transferred phosphoryl group and the leaving group oxygen atom but no other atoms of the leaving group during catalysis ( Fig. 1a and b ). Despite this, the rate enhancement conferred by AP is up to 10 27 -fold, one of the largest recorded for enzymes [2] . The AP active site consists of a bimetallic Zn 2+ core that activates the proximal Ser102 nucleophile and stabilizes charge that develops on the leaving group oxygen atom. Additional stabilization of the phosphoryl transfer transition state is thought to be provided by Arg166 and active site water molecules coordinated to the Mg 2+ ion and hydrogen bonded to Lys328 (Fig. 1b) [3] [4] [5] . The tetrahedral geometry of the substrate is thought to achieve trigonal bipyramidal geometry in the phosphoryl transfer transition state [1] .
Prior mechanistic work that probed AP's affinity for differentially protonated phosphate species used tungstate as a control since these anions have different pK a values. An intriguing observation from this study was that the binding affinity of the two ligands changes distinctly with mutation: specifically, while ablation of active site Arg166 reduces affinity for both anions at pH 8, additional removal of the Ser102 nucleophile increases phosphate affinity by 1200-fold, while it reduces tungstate affinity by 5-fold (Fig. 1c) [6] . Stronger tungstate binding in the presence of Ser102 could arise from the formation of a covalent adduct between the serine nucleophile and tungstate, a model that we test herein. Because tungstate in other active sites most frequently adopts tetrahedral [7] [8] [9] [10] [11] [12] [13] [14] and more rarely trigonal bipyramidal [7, 15] or octahedral geometries [16, 17] (Table  S1 ), detailed structural inspection of AP in complex with tungstate would additionally provide insight into the extent to which the AP active site stabilizes tungstate in a geometry that matches the presumed trigonal bipyramidal geometry of the transition state during phosphomonoester hydrolysis (Fig. 1b) . Nevertheless, structural mimicry of the presumed transition state geometry does not guarantee that a ligand reproduces the energetics of transition state binding. We have therefore investigated both the structural and energetic properties of tungstate binding to the AP active site and compared tungstate binding to that of vanadate, a putative transition state analog, and phosphate, a known ground state mimic.
Results and Discussion
To test the model that Ser102 forms a covalent adduct with tungstate, we obtained a crystal structure of tungstate-bound AP at 2.0 Å resolution (Table 1) . AP is a dimer, and the presence of a ligand in the active site of each monomer was evident from positive density in the difference map that appeared when the structure was modeled as the apo enzyme. We took advantage of density peaks in an anomalous scattering map generated from the same dataset to confirm that the ligand was not phosphate (Fig. S1a) , which does not have an absorption edge near the wavelength used for data collection. The anomalous scattering map also confirmed that the Mg 2+ site was occupied by a Zn 2+ ion, as residual density in the difference map suggested ( Fig. S1a and b ). Whereas [4, 18] , substitution at the Mg 2+ site has previously been observed crystallographically [19] . The comparison of two previously obtained sub-2 Å resolution structures of phosphate-bound AP, one with full Mg 2+ occupancy (3TG0 from Ref. [20] ) and the other with partial Zn 2+ occupancy at the third metal site (1ED8 from Ref. [20] ), suggests that Zn 2 + substitution does not perturb the positions, within the coordinate error of the models, of the water molecules coordinated by the metal ion at this site. Thus, this substitution at the third metal site is not expected to affect the interpretation of the structural data presented herein.
The tungstate molecule of our new structure was modeled in stages to most precisely position the tungstate atoms and avoid model bias. The anomalous scattering map was used to locate the tungsten atom relative to the adjacent Zn 2+ ions (Fig. S1b ). Refining the model with a tungsten atom in the active site left residual density peaks in the difference map that corresponded to the oxygen atoms of the tungstate (Fig. S1c) ; three of these peaks were roughly coplanar with the tungsten atom, and another peak was approximately colinear with the tungsten atom and Ser102 oxygen atom, consistent with trigonal bipyramidal geometry. These difference map peaks were absent in the final model that contained a partially occupied tungstate molecule covalently bound to Ser102 and in a trigonal bipyramidal configuration (Fig. S1d) . As a further test of this geometry, a simulated annealing omit map was calculated in which the ligand oxygen atoms were omitted. Again, three density peaks coplanar with and spaced~120°a round the tungsten atom and a fourth peak colinear with the tungsten and Ser102 oxygen atom were observed, consistent with the modeled ligand geometry (Fig. 2a) .
The structure of tungstate-bound AP supports the prediction that tungstate forms a covalent adduct with the serine nucleophile. The W-O nuc distance is 2.2 Å, similar to the average distance of 2.1 Å between the non-nucleophile oxygen atoms and tungsten atom. (The coordinate error for this structure is 0.16 Å; see Materials and Methods). The sum of the ionic radii of tungsten and oxygen yields an expected distance of 1.86 Å for a covalent W-O bond [21] ; however, this neglects partial double bond character and assumes that the tungsten atom is in its maximal and preferred + 6 oxidation state. These effects are expected to reduce and increase the covalent W-O bond distance, respectively, and this distance may be further perturbed by ligand geometry and additional bonds to the oxygen ligands [21, 22] [6] .
In addition to testing the model of a covalent bond with Ser102, the structure of tungstate-bound AP revealed that the AP active site stabilizes tungstate in the trigonal bipyramidal configuration of the presumed transition state. This geometry is similar to the ligand geometry observed in the 1.9 Å resolution crystal structure of vanadate-bound AP (PDB 1B8J [23] ), although tungstate may be slightly more distorted from pure trigonal bipyramidal as indicated by the greater deviation from colinearity in the O-W-O angle for the apical oxygen atoms (164°for tungstate compared to 170°for vanadate) ( Table S4 ) [20, 23] . However, the distortion of the apical oxygen atoms from colinearity combined with the longer W-O bonds appears to enable tungstate to provide superior coordination of the Zn 2+ ions. All four of its Zn 2 + -O distances fall in the expected range of 1.95-2.14 Å [24] , whereas one of these bonds is considerably longer for vanadate, non-covalent phosphate, and covalently bound phosphate (2.4, 2.7, and 2.6 Å, respectively), and another is absent from covalently bound phosphate (Fig. 2b , Table S5 ) [20, 23, 25] .
Unlike phosphate, tungstate and vanadate can undergo valency expansion to accommodate trigonal bipyramidal geometry. However, pentacoordinate tungstate infrequently adopts this geometry in small--molecule compounds and the active sites of other phosphatases (Tables S1 and S2 ), so the observation of trigonal bipyramidal geometry in the AP active site would not be expected based solely on structural precedent [26] . A survey of tungsten-containing small molecules in the Cambridge Structural Database [27] reveals that tungsten coordinated exclusively by oxygen atoms is most commonly hexacoordinate with octahedral geometry (Table S2) . Pentacoordinate tungsten favors square pyramidal geometry, and there are no observed instances of trigonal bipyramidal geometry with five oxygen ligands. When structures of pentacoordinate tungsten containing one non-oxygen ligand are considered, only one example of trigonal bipyramidal geometry is found, with the majority of the 41 WO 4 X compounds favoring square pyramidal geometry (Table S2) . A survey of active sites containing tungstate in the Protein Data Bank reveals a mix of tetrahedral, trigonal bipyramidal, and (in the case of histidine nucleophiles) octahedral geometries. However, with the exception of hexose phosphate phosphatase, cases that exhibit a trigonal bipyramidal configuration consistently deviate from the ideal geometry (in which the equatorial oxygen atoms are coplanar and spaced 120°apart) and, unlike AP, appear to be tetra-rather than pentacoordinate due to the distance between the tungsten atom and the enzyme's nucleophile (Table S1 ).
The observation that wild-type (WT) AP stabilizes both tungstate and vanadate in the trigonal bipyramidal geometry of the presumed transition state prompted us to assess both oxyanions as transition state analogs. Strong binding affinity of a ligandgreater than that for substrates and products-is often considered an indication that a ligand is a transition state analog [28, 29] . However, high binding affinity can also arise from fortuitous interactions that do not mimic transition state binding [30] . Conversely, weak binding affinity does not necessarily indicate a complete absence of transition state character in the ligand's interaction with the active site. A more stringent criterion for a transition state analog is a Crystal structures of AP bound to tungstate, vanadate, and phosphate (both covalently and non-covalently) were overlaid to compare the positions of ligands with respect to Ser102, Arg166, the active site Zn 2+ and Mg 2+ ions, and the Mg 2+ -coordinated water molecules. In the tungstate structure, the ligand was modeled in at partial occupancy, with partially occupied water molecules at sites that presumably coordinate the Zn 2+ ions in the fraction of enzyme without bound tungstate. The PDB codes for vanadate, non-covalently bound phosphate, and covalently bound phosphate are 1B8J, 3TG0, and 1HJK, respectively. linear log-log relationship between affinity and catalysis with a slope of one across a series of systematic perturbations to the enzyme (or ligand) [29, 31] . High correlation in this relationship indicates that the energetics of ligand binding and transition state stabilization are sensitive to the same perturbations, and a slope of one suggests that these energetic effects are of the same magnitude for a given perturbation [29] .
We therefore determined the relationship between ligand association constants, K a , and k cat /K M for 20 AP variants that collectively span nine orders of magnitude in reaction rate ( Table 2) . Binding affinities for phosphate, a ground state mimic, span only four orders of magnitude, so despite some correlation (r 2 = 0.55), the correlation line's slope is substantially greater than one (m = 3.3, RMSD = 0.54; Fig. 3a , Table 3 ). By contrast, the logarithms of tungstate association constants and k cat /K M for the same set of mutants are highly linearly correlated (r 2 = 0.89) with a slope close to one (m = 1.4, RMSD = 0.28; Fig. 3b , Table 3 ). This behavior supports tungstate as a good transition state analog, and the slope of 1.4 rather than 1 suggests that there are differences between tungstate binding and transition state stabilization that remain to be understood. Surprisingly, the log-log relationship of vanadate binding affinities and catalytic efficiencies does not show a similar linear correlation, with a slope of 3.8 and a coefficient of determination of only 0.23 (Fig. 3c, Table 3 ). Intriguingly, if the E322Y mutants that lack the Mg 2+ ion are excluded from the fit, a strong correlation with a slope closer to one Table 2 . Inhibition constants and catalytic efficiencies for AP mutants b Values are reproduced from Sunden et al. [18] , in which rates were measured by monitoring the hydrolysis of p-nitrophenol phosphate (pNPP) for all AP variants except WT, because the chemical step is not rate-limiting for WT AP with this substrate [3] . The chemical step is, however, rate-limiting for WT hydrolysis of the less reactive substrate methyl phosphate [3] , so the WT k cat /K M value listed is the k cat /K M,obs value measured for methyl phosphate multiplied by the ratio of the k cat /K M values observed for pNPP and methyl phosphate for AP mutants for which the chemical step is rate-limiting. This ratio of 20 is constant across several mutants, supporting its use as a correction factor to estimate the expected k cat /K M value [18] .
c Value is reproduced from O'Brien et al. [3] . d Value is averaged from O'Brien et al. [3] and Andrews et al. [6] . e L. D. Andrews and D. Herschlag, unpublished result. f A similar value of 4.6 × 10 2 μM has been reported for this mutant [5] . g Inhibition constants for the D153A/E322A mutant were measured to test whether the differential responses of tungstate and vanadate to ablation of the Mg 2+ ion arise from interactions with the Tyr introduced at this position. The D153A/E322Y and D153A/E322A mutants have similar inhibition constants for phosphate and tungstate, but vanadate binds 7.5-fold stronger when E322 is replaced with Tyr rather than Ala. A favorable interaction between vanadate and E322Y is the simplest model for this difference and would weaken the correlation between vanadate affinity and enzymatic activity. To assess the consequences of this effect, we adjusted vanadate inhibition constants for mutants containing E322Y by a factor of 7.5-fold, assuming a constant Tyr effect, and recalculated the linear fit. Even with this adjustment, the vanadate correlation is worse than that observed for tungstate, with a slope of m = 2.4 (RMSD = 0.43) for the total least squares regression linear fit and a coefficient of determination of r 2 = 0.67, whereas the corresponding values for the tungstate correlation are m = 1.4 (RMSD = 0.28) and r 2 = 0.89. When the linear regression is recalculated with the slope constrained to m = 1, the RMSD of the fit for the vanadate data with this correction factor is 0.79, compared to an RMSD of 0.41 for the tungstate data. emerges (Fig. 3d, Table 3 ; r 2 = 0.91, m = 1.5, RMSD = 0.23). The same trends are observed when a linear model with the slope constrained to 1 is fit to each dataset (Fig. 3, red Fig. 3a and c, Table 3 ), whereas the tungstate data fit well (RMSD = 0.41, Fig. 3b, Table 3 ) and the vanadate data fit well but only after the E322Y-containing mutants are excluded (RMSD = 0.40, Fig. 3d, Table 3 ).
These observations raise the following questions: why is tungstate a superior transition state analog compared to vanadate?, and why is vanadate binding affinity insensitive to loss of the Mg 2+ ion? Prior work dissecting the AP active site has shown that apart from the Ser102 nucleophile and bimetallic Zn 2+ core, the Mg 2+ ion and Arg166 are the active site moieties that have the largest effects on catalysis (Table 2 ) [4, 5] . However, the Mg 2+ ion and its associated water network provide significantly more transition statespecific stabilization compared to Arg166, which stabilizes both the transition and ground states (Fig. 1b) [4, 5, 18] . The relative contributions of the Mg 2+ ion to binding affinity versus rate enhancement would thus be expected to probe how well a ligand mimics the energetics specific to AP's transition state, so the insensitivity of vanadate but not tungstate binding affinity to loss of the Mg 2+ ion is particularly 2+ binding due to the presence of the E322Y mutation are indicated by squares. Arrows denote mutants for which only an upper limit for K a could be determined; these mutants were not included in the linear fits. Error bars correspond to standard deviations from 2-3 independent experiments. striking in the context of transition state analog behavior (Fig. 3, Tables 2 and 3 ).
Inherent differences in the charge distribution, protonation states, and/or favored bond lengths and geometries of vanadate and tungstate oxyanions may account for the distinct energetic contributions of the Mg 2+ ion to their stabilities in the AP active site. However, our functional data suggest that the first two models do not account for the observed Mg 2+ effect. Specifically, a model that attributes vanadate's and tungstate's distinct energetic properties to their different charge distributions would not predict the ligands' similar responses to ablation of Arg166 and its electrostatic interactions (Fig. 3 , Table 2 ). Likewise, the same trends and correlations are observed across pH, providing evidence against complications from differential protonation states of the ligands (see Materials and Methods). In contrast, comparison of the AP•tungstate and AP•vanadate structures suggests that energetic differences may arise from distinct interactions between the ligand oxygen atoms and the Zn 2+ core due to the longer W-O than V-O bond. Specifically, both ligands appear to interact with the Mg 2+ -associated water network (Fig. S4) , but tungstate coordinates the Zn 2+ (1) ion that presumably stabilizes the leaving group oxygen of the transition state whereas vanadate does not (Fig. 2b, Table 2 ). It is possible, given vanadate's bond lengths, that interactions with the Mg 2 + -water network and Zn 2+ (1) cannot be simultaneously optimized. If this were the case, loss of the Mg 2 + -water network interactions might be energetically compensated by the formation of a Zn 2+ (1)-oxygen interaction in the vanadate complex. This interaction is already present in the WT AP•tungstate complex (Fig. 2b, Table S5 ), so this complex would not experience compensation for the energetic cost of Mg 2+ ion removal and could thus mimic transition state energetics. It is also possible that loss of the Mg 2+ ion increases the conformational mobility of the tungstate oxygen atom that interacts with the Mg 2+ -associated water molecule, and this in turn destabilizes the Zn 2+ (1)-oxygen interaction that is present in tungstate but not in vanadate. These models make distinct predictions for the properties of mutant AP complexes with tungstate and vanadate.
The finding that tungstate is covalently bound to Ser102 resolves the question of why, in contrast to phosphate, the presence of the serine nucleophile contributes favorably to tungstate affinity (Fig. 1c) [6] . The observation that the AP active site stabilizes tungstate in trigonal bipyramidal geometry is striking given how infrequently tungstate adopts this geometry in other enzyme active sites and small-molecule compounds. We cannot experimentally measure the energetic cost of distortion of tungstate from the tetrahedral geometry favored in solution to the trigonal bipyramidal geometry stabilized by the AP active site.
Nevertheless, this energetic penalty may account for a surprising observation: ablation of the nucleophile (from AP Arg166Ser to Ser102Gly/Arg166Ser), which results in loss of a covalent bond, only causes a fivefold reduction in affinity (Fig. 1c) [6] . Thus, it is possible that the enthalpic contribution from forming the covalent bond with Ser102 is nearly fully offset by distorting tungstate to an energetically unfavorable geometry.
Stabilization of the trigonal bipyramidal geometry of the presumed transition state is observed for both tungstate and vanadate in the AP active [23] . However, tungstate, but not vanadate, passes the litmus test for a transition state analog-that is, a linear correlation with a slope of one between the logarithms of catalytic efficiency and ligand binding affinity (Fig. 3) [31, 32] . Two prior studies challenged vanadate as a transition state analog for phosphoryl transfer [31, 33] , and our work extends those reports in a critical way. Vanadate and tungstate have frequently been inferred to be transition state analogs based on high binding affinity to the WT enzyme (e.g., Refs. [34] [35] [36] ) or, especially for vanadate, active site stabilization of the ligand in trigonal bipyramidal geometry (reviewed in Ref. [26] 
Materials and Methods
Protein expression and purification AP was purified from a fusion construct that contained an N-terminal maltose-binding protein tag and a C-terminal factor Xa cleavage site and StrepII tag. E. coli SM547 (DE3) cells were transformed with this construct and grown at 37°C in rich media supplemented with glucose (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, and 2 g of glucose per liter). Once the OD600 reached 0.6, expression of the AP fusion construct was induced by addition of IPTG to 0.3 mM. Cultures were grown for an additional 16-20 h at 30°C. Cells were harvested by centrifugation at 4400 × g for 20 min and lysed by osmotic shock. The pellet was resuspended in 800 mL 20% sucrose solution [30 mM Tris-HCl (pH 8.0) and 1 mM EDTA] per original 2 L culture and incubated at 4°C for 10 min on a shaking table. Cells were re-pelleted by centrifugation at 13,000 × g for 10 min and resuspended in column buffer [10 mM Tris-HCl (pH 7.4), 200 mM NaCl, and 10 μM ZnCl 2 ] at 4°C. The sample was passed over a 10 mL amylose resin gravity column (New England BioLabs, Ipswich, MA). The column was washed with 10 column volumes of column buffer and eluted with the same buffer supplemented with 10 mM maltose. Fractions containing protein were concentrated by centrifugation through a filter (Amicon) with a 10 kDa cut-off and buffer-exchanged twice into 10 mM Na-Mops (pH 7.0), 50 mM NaCl, 100 μM ZnCl 2 , and 1.0 mM MgCl 2 . In the case of AP mutants containing the E322Y mutation, MgCl 2 was omitted from the buffer. Purity was determined to be greater than 95% by SDS-PAGE gel electrophoresis with staining by Coomassie Blue.
Inhibition measurements
Inhibition constants for phosphate, tungstate, and vanadate were measured in 0.1 M MOPS (pH 8.0), 0.5 M NaCl, 100 μM ZnCl 2 , and 500 μM MgCl 2 at 25°C, except for E322Y mutants, for which MgCl 2 was excluded. The maltose binding protein tag was not excised from AP for these measurements; this tag has previously been shown to not affect AP's rate constant [4, 37] . Inhibitor concentration was varied at least fivefold below and above the observed K i at a constant concentration of enzyme and a sub-saturating concentration of methyl p-nitrophenol phosphate, a diester substrate. To prevent polymerization of vanadate and tungstate, stock ligand was stored at pH 13, and maximum concentrations of 4.6 and 13 mM, respectively, of the inhibitor were used. Formation of the product p-nitrophenolate was monitored continuously at 400 nm. The inhibition constant was calculated with a nonlinear least squares fit to the data using the following equation for competitive inhibition:
The above equation is most commonly used to describe non-covalent inhibition, but it is also applicable to covalent inhibition when the non-covalent and covalently-bound species equilibrate more quickly than the timescale of the measurement. The measured rates were linear over time at all concentrations of inhibitor, indicating an absence of time dependence to the inhibition and thus fast equilibration of the covalent and non-covalent species relative to the measurement.
Correlation between log(k cat /K M ) and log(K a ) was modeled by total least squares regression. The slope for the linear fit was calculated by performing principal component analysis; the ratio of the values of the first eigenvector of the covariance matrix yields the slope, m, and the y-intercept, b, can be recovered from: b = y − mx. Additionally, the optimal linear fit was calculated when the slope was constrained to m = 1. Goodness of fit was assessed by computing the RMSD of the minimal (orthogonal) distance between each data point [log(K a ), log(k cat /K M )] and each linear model. Finally, the coefficient of determination, r 2 , was computed from the square of the Pearson correlation coefficient; the latter is given by the following formula:
Inhibition constants were additionally measured at pH 9.0 for 16 of the 19 mutants listed in Table 2 , and the same trends and correlations as reported in Fig. 3 were observed (data not shown). We were unable to measure inhibition constants below pH 8.0 due to polymerization of vanadate and tungstate at neutral pH and above pH 9.0 due to an enzymatic pK a [6] that raises the inhibition constant above the threshold that we can measure for most mutants.
Crystallization
WT AP was purified as described above, and the maltose-binding protein tag was cleaved with factor Xa. Enzyme and tag were separated by passage over a 5 mL HiTrap Q HP column (GE Healthcare, Amersham, UK). Enzyme was buffer-exchanged into 10 mM Na-MOPS, pH 8.0), 50 mM NaCl, 10 μM ZnCl 2 , and 100 μM MgCl 2 , concentrated to 200 μM, and pre-incubated with 500 μM sodium tungstate. Crystallization was performed by the hanging drop method at 18°C, with equal volumes (2 μL each) of enzyme and precipitant solution (18% PEG3350 and 0.2 M ammonium fluoride) placed over a reservoir of 1 mL precipitant solution. Crystals were soaked in cryoprotectant solution [30% glycerol, 0.1 mM Bis-Tris (pH 5.0), and 0.2 mM ammonium sulfate] and frozen in liquid nitrogen. Crystallographic data were collected at Stanford Linear Accelerator beamline 12-2 at a wavelength of 0.9795 Å.
Structure determination
Data integration was performed with MOSFLM [38] ; scaling and merging were carried out in AIMLESS [39] with 5% of reflections set aside to calculate R free . Molecular replacement was completed with PHASER [40] using WT AP (PDB 3TG0 [20] ) stripped of ligand and metals as a search model. Alternating rounds of manual model building and automated refinement were performed with COOT [41] and REFMAC5 [42] , respectively. The tungstate ion was modeled in stages near the end of the refinement process. First, an anomalous scattering map was generated from the scaled dataset and partially refined model using PHENIX [43] , which enabled the positioning of the tungsten atom into the center of the anomalous scattering peak. After a round of automated refinement, negative density appeared in the difference map at the position of the tungsten atom, so its occupancy was reduced to 0.5. A tetrahedral tungstate ion was then loaded from the JLigand library [44] and substituted for the tungsten atom. Automated refinement corrected the geometry to trigonal bipyramidal, consistent with the appearance of the difference density map prior to addition of the tungstate oxygen atoms. Omit maps generated in PHENIX [43] provided additional validation of the trigonal bipyramidal geometry. Two positive density peaks remained in the active site after modeling in the tungstate; these were modeled as half-occupied water molecules that coordinate the Zn 2+ ions. Stereochemistry was validated by MOLPROBITY [45] , and images were generated with PYMOL [46] . Coordinate error was determined by the diffraction-data precision indicator estimate [47] .
Accession numbers
The accession number for the tungstate•AP crystal structure is PDB ID: 5C66.
